This paper presents some of the recent experimental work on developing AlN ultrasonic transducers for high temperature NDT applications. C-axis oriented AlN films were grown on stainless steel SS316 substrate by RF sputtering deposition. High temperature performance and durability of the transducer were examined by pulse-echo experiments after heating to different temperatures. It can be shown that the sputtered AlN film transducer is capable of highly stable and durable performance at 400 °C or above with appropriate choice of substrate, buffer layer, electroding materials, and electroding approaches. Experimental evidences also indicated that transducers made of sputtered AlN film and molybdenum buffer layer on stainless steel substrate could potentially operate up to 800 °C
Introduction
Ultrasonic non-destructive testing (NDT) is widely used in various industries for material characterisations, process inspections and fault detections without causing disruptions to routine process operations. This is, however, not the case for high temperature inspections. Due to lack of proper ultrasonic sensing capabilities, inspections of a high temperature plant often have to be carried out during a process outage or shutdown, and involve lengthy preparations or even partial dismantling of the system and removal of insulations from components.
Developing suitable transducers and sensing systems which are capable of NDT inspections at plant operating temperatures obviously would enable plant to remain in operation for longer periods, reduce the risk of damages associated with periodic shutdowns or outages, thus leading to substantial cost savings. In addition, there will also be strong academic and scientific incentives to pursue the study, including understanding the piezoelectric material behaviours at elevated temperatures, developing capabilities to carry out live high temperature ultrasonic measurements of material properties and defect detection in well defined environments, and gaining fundamental insights into mechanisms by which the industrial components degrade.
Published attempts on developing ultrasonic sensing systems for sustained NDT operations over 400 °C have been very limited. They can generally be grouped into two main categories, the non-contact sensing approach and contact sensing approach. The first category is typically represented by the development of electromagnetic acoustic transducers (EMATs) (1) , (2) , and use of pulsed laser generated ultrasounds (3) , (4) . They are particularly important for online monitoring of materials and welding processes. Technologies in this category do not use piezoelectric materials for ultrasound generations and detections, and do not require acoustic coupling between the sensing elements and components being inspected. However, they are usually expensive, and suffer from problems of accessibility, poor sensitivity and resolutions in comparison with the use of conventional contact transducers.
The contact sensing approach features the use of high temperature piezoelectric materials as transducers to generate and receive ultrasound signals. To date, this is still the most popular, cost-effective, and preferred method for high temperature NDT inspections. Transducers in this approach normally operate in direct contact with the high temperature components being inspected, thus, require sound acoustic couplings between the transducers and test components to enable ultrasonic signals to be transmitted into and received from the test components.
A few piezoelectric materials have been tested for high temperature applications. Table  1 lists those which have been tested for applications over 400 °C. The performance of a piezoelectric material at high temperatures can be subject to a number of limitations, including Curie point, phase transition, twinning, decomposition, aging, and increases in acoustic attenuation, dielectric losses and electrical conductivity. These limitations have been discussed in detail in several well-recognised review papers (5) - (7) , and most recently, by Zhang et al (8) . 
Aluminium nitride (AlN) >2000 1150 in argon 700 in air Oxygen diffusion, film cracking (23) - (26) Use of contact piezoelectric transducers also requires an establishment of acoustic coupling between the sensing elements and test components. Achieving a high quality couplant layer at elevated temperatures has been equally challenging. Proprietary high temperature coupling pastes and fluids evaporate rapidly above 400 °C, thus, are only suitable for instantaneous point measurements. Suggested approaches to achieve longterm high temperature acoustic coupling include dry coupling (12) , use of ceramic adhesives (27) , (28) , soft metal gaskets (29) , (30) low-melting-point solder glasses (10) soldering (31) brazing and welding (15) , (16), (32) .
To date, the number of piezoelectric materials capable of long-term, stable high temperature operations is still extremely limited, and the problem of coupling the ultrasound into the test components at elevated temperatures still remains. As a result, most piezoelectric transducers operating in high temperature NDT applications have resorted to the incorporation of a metal buffer rod (33) , (34) protection shoe (35) or delay line (15) , (16), (32) in the probe. Brazing and welding have been identified as two preferred and effective methods to bond the metal bodied transducers or probes to the steel test components (15) , (16), (32) .
Aluminium nitride (AlN) is widely regarded as a promising piezoelectric material for high-temperature ultrasonic applications. The material is produced in thin-film form and transducers made from AlN have an option of being fabricated directly onto engineering components and materials, therefore eliminating the problem of high-temperature acoustic coupling. AlN has a very high Curie temperature of over 2000 °C. High temperature experiments on AlN at the University of Dayton Research Institute and US Air Force demonstrated the transmission and reception of ultrasound by AlN at temperatures exceeding 1100 °C in a high-pressure (150 MPa) argon atmosphere (23) . Other research showed that AlN maintained excellent physical and chemical stability in air at temperatures up to 700 °C (36) . Investigations from the authors' research group also demonstrated the capability of sputtered AlN film transducers for various NDT applications (37) - (40) .
This paper serves as a continuation of our specifically targeted work to develop AlN thin film ultrasonic transducers for durable high temperature NDT applications. Previously we have shown that (41) , (42) :
 Steady growth of high-quality c-axis oriented AlN films could be achieved through the RF sputtering depositions on a variety of commonly used engineering substrate materials.  Presence of a sputtered metal buffer layer in-between the AlN and substrate significantly enhanced the AlN film adhesion to the substrate at elevated temperatures.  AlN films were capable of maintaining a stable crystal structure, orientation, and good piezoelectric strength up to at least 500 °C. However, deteriorations of the back electrode and substrate (e.g., carbon steel and aluminium alloy) properties were two major factors degrading the high temperature performance and limiting the operating temperatures of the transducers respectively.
In this paper, devices made of sputtered AlN on a temperature-resistant and stable substrate material, stainless steel SS316, with aluminium/molybdenum buffer layer were tested for potential high temperature NDT applications. Live-heating and annealing experiments were carried out to investigate the durability and failure mode of the transducers at the elevated temperatures. The device performance and AlN crystal structure were examined by pulse-echo tests and XRD analysis respectively.
Device fabrication, performance and frequency control
All AlN depositions were carried out through RF magnetron sputtering, using a circular 3" TORUS ® magnetron head. Detailed descriptions on AlN deposition equipment, procedure and parameters have already been published elsewhere (41) , (42) .
The substrate was made of standard SS316 stainless steel material. It was cut into Ø16×5 mm disc samples and polished to an optical quality on the to-be-sputtered surfaces. Typical surface roughness of the samples after polishing was measured to be 0.052±0.001 µm on a Dektak 3 ST Surface Profiler.
The previous approach of having a sputtered metal buffer layer to enhance the AlN adhesion to the substrate at elevated temperatures was also adopted in the current investigation. Samples to be used in the live heating or annealing experiments were thus sputtered with a 0.8 µm thick aluminium or molybdenum buffer layer respectively, prior to having 6 µm thick AlN films sputtered. Figure 1 illustrates a schematic structure and digital image of the resulted devices. Figure 2 shows a representative pulse-echo result from the devices and fast Fourier transform (FFT) frequency spectrum of the 1 st echo. The data were collected using a JSR Ultrasonics DPR300 Pulser/Receiver at room temperature with a Ø2.9 mm hightemperature carbon paste back electrode being painted onto the surface of the AlN film. It can be seen that at least four longitudinal echoes from the back wall of the substrate could be observed, which corresponded to a total travel distance of around 40 mm. This is much shorter than the reported 300 mm penetration distance of sputtered AlN thin film transducers in ferritic steel, largely due to the fact that stainless steel, with a typical attenuation coefficient of 4.5 dB/cm at 10 MHz in comparison with that of 0.4 dB/cm for ferritic steel, is a much stronger attenuating medium for ultrasound waves.
In NDT applications, unlike their bulk piezoelectric counterparts, sputtered AlN film transducers normally need to operate far below their natural thickness mode resonant frequencies. The frequency spectrum in Figure 2 , for example, showed that the reflected echo waves contain only the frequency components ranging from 10 to 40 MHz, with a peak frequency of 23 MHz, while a 6 µm thick c-axis oriented AlN film transducer would have a natural thickness mode resonance at 875 MHz. A 1-D thickness mode simulation through PSpice demonstrated that (43) , in this circumstance, the excitation pulse signal applied to the film would not be amplified or filtered by the transducer's own mechanical resonance characteristics, but instead replicated as a mechanical strain by the transducer according to the piezoelectric constitutive equations. This means that the likely frequency of operation of the transducer would be adjustable in a wide frequency range by either varying the bandwidth of the exciting pulse, or to a lesser extent, by changing the impedance characteristics of the transducer and system through adjusting the film thickness, the transducer size and cable length etc. In fact, we have demonstrated in our previous work that sputtered AlN thin film transducers operated well in frequencies ranging from 300 kHz to 30 MHz if due consideration was given to the electrical input circuit and transducer design (41) , (43) . 
Device temperature limit and failure mode
A device made of sputtered AlN film and molybdenum buffer layer on stainless steel SS316 was used here. AlN was known to be a stable piezoelectric material up to at least 700 °C in air (36) , (44) . We have thus made sure that both the substrate and buffer layer materials were all stable and had a service temperature well above 800 °C. Theoretical FEM modelling was found to be a highly valuable tool for optimising the transducer designs at room temperature (43) , (45) . This, however, could not be extended to high temperature applications, due to a lack of information on temperature variations of most of the material parameters. A 'test to destruction' experimental approach was subsequently adopted instead in this investigation.
The device followed a designed annealing cycle to determine the AlN transducer temperature limit, stability and failure mode. The annealing cycle started with the devices being heated in an oven to 200 °C at a ramp rate of 2 °C/min, and kept at the temperature for 2 hours. Afterwards, the device was allowed to cool naturally back to the room temperature and then:
 visually inspected for sign of delamination  XRD analysed for AlN crystal structure changes  back-electroded with high temperature carbon paste and tested in pulse-echo mode using a JSR Ultrasonics DPR300 Pulser/Receiver to examine the transducer performance  De-electroded, and returned to the oven to be heated to the next higher target temperature. The temperature step was set at 100 °C.
The cycle was repeated until the device started to malfunction. During each pulse-echo test, efforts were made to back electrode the transducer at the same spot, and keep the electrode size roughly at the same size (around Ø3 mm). Figure 3 illustrates side by side the log-scaled XRD analysis and pulse-echo test results with the device being at room temperature 'as prepared', and annealed at 400 and 800 °C for 2 hours respectively. The results show that the device could potentially operate up to 800 °C. The sputtered AlN film has clearly maintained its c-axis orientation structure and remained piezoelectric throughout the multiple annealing cycles.
However, some irreversible degradation on both the crystallinity and piezoelectric response of the AlN film could also be observed as the annealing temperature increased. Figure 4 illustrates the variation of the AlN (002) XRD peak intensity, and attenuation of the peak to peak values of the first echo observed from the transducer as a function of annealing temperatures. It can be seen that the AlN crystallinity, represented by its (002) XRD peak intensity, and the film piezoelectric response, represented by its first peak-peak echo strength, have both shown significantly accelerated deterioration when the annealing temperature exceeded 600 °C. These may largely be attributed to the increased capability of oxygen diffusing much deeper into the AlN crystal lattice at high temperatures (45) . The device seemed to be operating close to its temperature limit at 800 °C. Figure 4 shows there is a -25 dB of signal strength attenuation in the echoes received by the transducer after it was annealed at 800 °C for 2 hours. This is equivalent to only around 5% of original ultrasound generating and receiving power remaining in the transducer after annealing.
The devices failed when the annealing temperature was raised from 800 °C to 900 °C due to the disintegration of the AlN film. 
Device durability at elevated temperature
Devices made of sputtered AlN film and aluminium buffer layer on stainless steel SS316 were employed in the durability tests. The tests were designed to investigate effects of repeated temperature cycling and prolonged exposure to temperatures up to 400 °C on the device performance. In the durability tests, AlN devices were back electroded, and heated on a hotplate to different temperatures and durations. Regular pulse-echo data were collected live at the temperatures from the devices through a JSR Ultrasonics DPR300 Pulser/Receiver, operating in the pulse-echo mode.
From the authors' previous work, it has been clear that the key technical challenge in achieving durable and steady performance for AlN devices at elevated temperatures was to identify a suitable back-electroding material and approach. Use of sputtered metal layer or high temperature silver/carbon pastes encountered a number of problems, including insufficient mass loading and rapid signal strength degradation after 24 hours exposure at 400 °C etc.
In this investigation, an approach involving use of thin metal foils in combination with a clamping mechanism was adopted to back-electrode the AlN thin film transducers. This approach was found to produce the best and satisfactory results in a wide range of scoping tests. Figure 5 illustrates a digital image and schematic structure of a clamping mechanism prototype. The prototype consisted of two 50×50×10 mm Macor® ceramic plates, fixed together via 4 female M2 connecting tubes at the corners. A Ø17×8 mm recess was made in the centre of the bottom ceramic plate to house the transducer sample. The back electrode was made of 50 µm thick aluminium foil, and was clamped against the AlN film surface using a Ø5×3 mm SS316 clamping block and an M6 bolt coming through the top ceramic plate respectively. Figure 6 shows a time history of some of the pulse-echo test data collected live at 400 °C from the device when it was put to a 24 days continuous heating test. It can be noted in particular that the signal amplitudes at the 1 st , 2 nd and 3 rd backwall echoes were all virtually unchanged throughout the 24 days of continuous exposure at 400 °C. The device clearly demonstrated stable and durable operations over 400 °C, with negligible performance degradation.
There were also some additional (unwanted) peaks in the pulse-echo data with an arrival time earlier than the backwall and between two consecutive back wall signals. They were believed to be the result of the development of acoustic "dry coupling" between the AlN film and the Ø5×3 mm SS316 clamping block via the foil electrode layer, and could be eliminated with implementation of better acoustic isolation between the foil and the clamping block. Figure 7 illustrates the thermal cycles the same device under test has sustained. It shows that the device, remaining operational, was also highly capable of withstanding multiple thermal cycles.
It can be seen from Figure 7 that an attempt was also made to test the durability of the device at 500 °C. Unfortunately, the experiment had to be aborted due to the repeated breakdowns of the hotplate. It is, however, worth mentioning that although there were only 96 hours of data available, the device seemed to have also maintained stable and durable performance at this temperature. 
Conclusions
The investigation has clearly demonstrated that sputtered AlN thin film transducers can potentially be deployed for sustainable high-temperature NDT operations at elevated temperatures. Key device design parameters include choice of substrate, buffer layer and electroding materials, and design of the electroding approach.
Devices made of sputtered AlN on SS316 stainless steel substrate, combined with aluminium buffer layer and clamped aluminium foil back electrode, are shown to be able to maintain long-lasting, no-degradation performance up to at least 400 °C.
Devices made of sputtered AlN on SS316 stainless steel substrate with molybdenum buffer layer are shown to be potentially able to operate up to 800 °C, although their live temperature performance and durability are still yet to be investigated. 
